Abstract-Cooperative transmission, where spatially distributed users form a multi-antenna system and assist in forwarding the information from source to destination node, achieves the diversity gain of a multiple-input multiple-output (MIMO) system. Cooperative network based on OFDM has been proposed to cope with the channel frequency-selectivity but due to high peak-to-average power ratio ( 
I. INTRODUCTION
Multi-antenna systems are considered to be a good candidates to offer broadband data services in a limited available bandwidth. Their application, however, often encounters practical implementation problem if a large number of antennas is to be deployed. In order to overcome this problem, a new mode of transmit diversity, called cooperative diversity, was proposed based on user cooperation [1] - [2] , where the antennas of the sender and the partners together form a multiple transmit antenna situation. A variety of algorithms have been developed to obtain cooperative diversity gain [3] - [8] .
Cooperative network based on orthogonal frequency division multiplexing (OFDM) physical-layer access is an attractive solution to achieve the cooperative diversity while over- † H. Gacanin is the acting Head of the Communication Group at Energy and Communication Department, IPSA Institute, Sarajevo, Bosnia and Herzegovina.
coming the wireless channel frequency-selectivity. However, the largest drawback of OFDM is its large PAPR that leads to a lower power efficiency of power amplifiers. OFDM combined with time division multiplexing (OFDM/TDM) can be used to reduce the PAPR to some extent [9] . At the OFDM/TDM transmitter, the inverse fast Fourier transform (IFFT) time window (i.e., OFDM/TDM frame) of OFDM is divided into slots, which carries an OFDM signal with reduced number of subcarriers without the guard interval (GI) insertion. At the OFDM/TDM receiver, frequency domain equalization based on minimum mean square error criterion (MMSE-FDE) over the entire frame is applied to exploit the channel frequency-selectivity. Thus, the cooperative network based on OFDM/TDM using MMSE-FDE physical-layer access in a frequency-selective fading channel may be an attractive solution to achieve both cooperative and frequency diversity gains with a lower PAPR in comparison with cooperative network based on OFDM [10] . To the best of the authors knowledge the detailed analysis of such scheme has not been presented. This paper presents a theoretical performance analysis of cooperative relay network based on OFDM/TDM using MMSE-FDE in a frequency-selective fading channel. We assume that the residual inter-slot interference (ISI) after MMSE-FDE can be approximated as a zero-mean Gaussian variable and derive the conditional signal-to-interference plus noise ratio (SINR) expressions for the given set of channel gains. The theoretical bit-error rate (BER) performance is evaluated by Monte-Carlo numerical computation method and confirmed by computer simulation. Our results show that the lower BER is achieved with cooperative OFDM/TDM in comparison with OFDM based cooperative network, since cooperative OFDM/TDM network exploits both frequency and cooperative diversity gains.
The remainder of this paper is organized as follows. Section II presents the network model. Performance analysis in Sect. III. In Sect. IV, numerical results and discussions are presented. Section V concludes the paper. II. NETWORK MODEL OVERVIEW [10] We assume that source terminal have a direct line-of-sight communication with an access point (henceforth relay) and destination during the first stage, while the destination is out of the source's coverage area during the second stage. The information is transmitted via two time stages (i.e., TDM orthogonal channels [3] ) as shown in Fig. 1 . The source transmits the data to the destination, while the relay is listening during the first stage. In the second stage the relay sends the received data after processing to the destination as well, where the two received signals are combined.
The OFDM signaling interval (i.e., OFDM/TDM frame) is divided into slots as shown in Fig. 2 . A data-modulated symbol sequence { ( ) ; = 0 ∼ − 1} is divided into sub-blocks each having (= / ) data-modulated symbols. The th sub-block { ( , ) ; = 0 ∼ − 1} is transmitted in the th slot, where ( , ) = ( + ) for = 0 ∼ − 1. After insertion of the GI the OFDM/TDM frame, the signal is multiplied with the power coefficient (= / ), where denotes data-modulated symbol energy, and then transmitted over a wireless channel.
The OFDM/TDM signal can be expressed using the equivalent low-pass representation as
for = 0 ∼ − 1. We note here that OFDM/TDM signal with = 1 (i.e., = ) reduces to the conventional OFDM system with subcarriers, while for = (i.e., = 1) the OFDM/TDM collapses to SC system. The signal propagates through a wireless channel with a discrete-time channel impulse response ℎ ( ) given by where ℎ , , and (⋅) are the path gain between terminals and , the time delay of the th path and the delta function, respectively. {ℎ , ; = 0 ∼ − 1} are zero-mean independent complex variables with [
As shown in Fig. 1 , the transmitted signal arrives via a direct path at the destination. At the destination, an -point FFT is applied over the received OFDM/TDM frame to decompose the received signal into frequency components represented by [10] 
where ( ) , ( ) and 1 ( ), respectively, denote the Fourier transforms of the OFDM/TDM signal, the channel impulse response between source and destination and the additive white gaussian noise (AWGN) with the variance 2 0 / , where 0 denotes the singlesided power spectrum density.
The signal received at the relay during the first stage can be represented by
for = 0 ∼ − 1, where ( ) and ( ) denote, the channel impulse response between source and relay and the AWGN at the relay, respectively.
Stage II :
The relay normalizes the received signal by a factor of
(so that the average power is unity) and retransmits the signal during the second time stage. We assume that the source and the relay transmit with the half of the total available power.
At the destination, -point FFT is applied over the received OFDM/TDM frames at the first and second stage to decompose the relayed signal into the frequency components represented by { ,2 ( ); = 0 ∼ − 1}. Thus the signal received at the destination during the second stage is given by
where the first term denotes the desired signal component, while the second and third term denote the AWGN with a slightly increased power. The joint signal combining and MMSE equalization is done asˆ(
where ( ) is the equalization weight during the th stage ( = 1, 2). The equalization weight at the th stage is chosen to minimize the mean square error term [|ˆ, ( )− ( ) | 2 ] at the th frequency (note that in OFDM/TDM the term frequency is used instead of subcarriers in conventional OFDM). The MMSE equalization weights for the first and the second stage are given by [10] ⎧
where (⋅) * denotes the complex conjugate operation. It is evident from (7) that the equalization weight for the second stage includes the channel gain between source and the relay as well. We note here that in the case of conventional OFDM ( = 1) we apply the equalization weights based on maximum ratio combining (MRC). Hence, only the performance of OFDM/TDM based on joint signal combining and FDE can exploit both the cooperative and frequency diversity gains as presented in the following section.
The time-domain OFDM/TDM signal is recovered by applying -point IFFT on {ˆ( ) ; = 0 ∼ − 1} to obtain time-domain signal aŝ
for = 0 ∼ − 1. Then, the OFDM demodulation is carried out using -point FFT to obtain decision variables given bŷ
for = 0 ∼ − 1 and = 0 ∽ − 1.
III. PERFORMANCE ANALYSIS In this section, we first derive the decision variable and then, the conditional signal-to-interference plus noise ratio (SINR) expressions for evaluation of the BER are presented.
A. Decision variable
By substituting (3), (5) and (6) into (8) we obtain
where
Now, by substituting (10) into (9) we obtain
where Ψ( , ) is defined as
, otherwise.
Finally, the decision variable is obtained as [Appendix] ( , ) =
for = 0 ∽ − 1 and = 0 ∼ − 1. The first, second and third term in (13), respectively, denote, the desired OFDM/TDM signal, the residual inter-slot interference (ISI) after joint signal combining and FDE, and the AWGN at the th stage.
( , ) and ( , ) are given by (14) at the top of the next page.
B. SINR
In this section, an analytical expressions of the conditional SINR [ / 0 , ( ) , ( ) , ( )] are provided. Joint signal combining and MMSE equalization performed over the entire OFDM/TDM frame is done at the destination terminal before detection. Thus, the con-
denotes the conditional SINR at the destination during the th stage. Assuming that the residual ISI after joint signal combining and FDE, and AWGN at the th stage given by (14) are complexed-valued random Gaussian variable, and by using (13) we obtain the conditional SINR given by (16) for ∈ {0, 1}. Next, we present two special cases of OFDM/TDM; the conventional OFDM when = 1 and SC-FDE when = .
2) − ( = ) : When = 1 and Ψ ( , ) = 1, the conditional SINR is given by (18) at the top of the next page.
C. BER
We assume all "1" transmission without loss of generality with QPSK data-modulation. The conditional BER for the given set of { ( ) ; = 0 ∼ − 1} can be expressed as [11] [11] , respectively. The average BER at the destination terminal can be numerically evaluated by averaging (19) over { ( )} as 
is the joint probability density function of { ( )}. The evaluation of the theoretical average BER is done by Monte-Carlo numerical computation method as follows. A set of path gains {ℎ ; = 0 ∼ − 1} is generated to obtain channel gains { ( ) ; = 0 ∼ − 1} and then, { ( ) ; = 0 ∼ − 1} is computed for each stage. The conditional BER as a function of the average / 0 is computed for the given set of channel gains { ( )}. This is repeated a sufficient number of times to obtain the theoretical average BER given by (19).
IV. NUMERICAL RESULTS AND DISCUSSIONS
Simulation conditions are shown in Table I . In our computer simulation we assume an OFDM/TDM frame size of = 256 samples with the GI length of = 32 samples, single relay ( = 1), and ideal coherent QPSK data modulation/demodulation. The propagation channel is an = 16 -path block Rayleigh fading channel having uniform power delay profile, where the path gains {ℎ , ; = 0 ∼ − 1} Average remain constant over one OFDM/TDM frame length and vary frame-by-frame. The path gains are zero-mean independent complex variables with [ ℎ , 2 ] = 1/ , where all paths in any channel are independent with each other (we assume the same number of paths in each link). Without loss of generality, we assume 0 = 0 < 1 < ... < −1 and that the th path time delay is = △, where △ (⩾ 1) denotes the time delay separation between adjacent paths. The maximum time delay of the channel is less than the GI length (i.e., < ). We assume no knowledge of the channel state information at the transmitters, the perfect channel state information at the destination and perfect synchronization. The assumption on synchronization is most critical since synchronization becomes increasingly challenging in larger networks.
The BER performance of cooperative OFDM/TDM network is shown in Fig. 3 with received signal energy per-bit-to-AWGN power spectrum density ratio / 0 = 0.5× / 0 × (1 + / ) , as a parameter. It is evident from Fig. 3 that the cooperative OFDM/TDM using MMSE-FDE with = 16 can be used to improve the BER performance in comparison with the cooperative OFDM because, as increases, the transmitted symbol energy is distributed over a times wider bandwidth and MMSE-FDE is used to exploit the channel frequency-selectivity. This is due to the fact that the OFDM/TDM based cooperative network achieves Figure 4 . Impact of channel frequency-selectivity. both cooperative and frequency diversity gains leading to the superior performance in terms of the average BER in comparison with cooperative network based on OFDM. As we can see, a fairly good agreement is achieved between the simulated and theoretical results which confirms validity of the analysis presented in this paper.
The impact of channel frequency-selectivity in Fig. 4 , with received signal energy per-bit-to-AWGN power spectrum density ratio
, as a parameter. The performance of cooperative OFDM/TDM with MMSE-FDE is largely determined by the channel itself (i.e., the channel frequency-selectivity) and thus, here we investigate the effect of different propagation scenarios. The channel frequency-selectivity is a function of the number of paths ; as decreases the channel becomes less frequency-selective and when = 1 it becomes a frequency-nonselective channel (i.e., single-path channel). Figure 4 illustrates the average BER as a function of the average / 0 with the number of paths as a parameter. It can be seen that as decreases (i.e., the channel becomes less frequency-selective) the performance of OFDM/TDM based cooperative network degrades since the channel is becoming less frequency-selective. This is because as decreases the channel becomes less frequency-selective and lower frequency diversity gain is obtained through MMSE-FDE. In the case of = 1 the performance of cooperative OFDM/TDM and cooperative OFDM is the same since the channel becomes frequency-nonselective.
V. CONCLUSION
In this paper, we presented cooperative network based on OFDM/TDM with MMSE-FDE physical-layer access in a frequency-selective fading channel. The conditional SINR expressions are derived based on the Gaussian approximation of the ISI after MMSE-FDE for the given set of channel gains. The average BER is evaluated by using Monte-Carlo computing method. The results show that cooperative network based on OFDM/TDM achieves a lower BER in comparison with cooperative OFDM since with OFDM/TDM based cooperative network, both cooperative and frequency diversity gains are exploited. The theoretical results were compared with the computer simulation results and a fairly good agreement was observed.
APPENDIX
Here, we present a derivation of the decision variablê ( , ).
Starting from (11), we represent decision variable by OFDM/TDM data-modulated symbols aŝ
Now, we extract the th data-modulated symbol in the th OFDM/TDM slot from the sum and obtain
From (A-2) we come to (13) in the main text.
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